a saccade, but also because mislocalization depends
tions at least 300 ms before a saccade (preflashes). In line with this, several authors have suggested that Then, after the monkey had made a saccade and fixated perisaccadic mislocalization is related to the dynamics the target position for at least 300 ms, a second bar of receptive fields in various cortical areas. For instance, was flashed at the same position (postflashes). In the there is evidence of perisaccadic changes in the size second kind of trial, only one bar was flashed in a time and center of receptive fields in the lateral intraparietal window of Ϯ200 ms around the saccade (periflashes). area (Duhamel et al., 1992 ; Kubischik and Bremmer, All bar positions occurred equally often in the pre-, peri-, 1999), the frontal eye field (Umeno and Goldberg, 1997), and postepochs. In the third kind of trial, no bar was the superior colliculus (Walker et al., 1995) , and area V4 ever flashed.
(Tolias et al., 2001). Without an explicit assumption about how these neurons encode position, however, it
Eye Position is difficult to establish a firm link between these physioTo assess position encoding before, during, and after saccades, it is clearly critical to have accurate knowl- Figure 3 shows an example for a single cell. We assumed that cells provide independent estimates, and we constructed a population codebook by simply combining the single-cell codebooks. In Experimental Procedures we discuss the precise parameterization of the codebooks: we chose the parameterization that most accurately encodes position during To be a candidate for the encoding of position, a cortical area must consistently relate firing rate to position during fixation. In our analysis this means that we should Kramer, 1968; O'Regan, 1984). Hence, to be sure that the effects we find are not due to time-varying changes determine how well the codebooks perform for pre-and postflashes. More specifically, it is the transsaccadic in eye position, we analyzed fixation accuracy and precision. Figure 2A shows the horizontal eye position from generalization of the codebook based on preflashes to the decoding of postflashes (and vice versa) that is relelong before until long after the saccade, averaged over all trials in the data set. Clearly, fixation is accurate vant. To test this, we need to make an assumption about the coordinate system these cells encode information until saccade onset. Figure 2B Figure  2000) , there is no strong a priori reason to choose a specific coordinate system. Instead, we determined 2C and is also very similar in all three epochs. The difference in fixation among the three epochs, and even the both the ability to encode world position and the ability to encode retinal position. spread in eye positions during the saccade, is smaller than either the width of the visual stimuli or the size of In both cases we determined a codebook based on the presaccadic rates and decoded the postsaccadic mislocalization effects we discuss below.
responses. The performance of the codebooks was determined with a bootstrap analysis. For each stimulated Position Decoding For each stimulus, we determined the average response position x, we determined how often it was decoded to be at position y. For a correct decoding, x equals y. in a window from 50 to 250 ms post-stimulus onset. From these responses we calculated, for each neuron, Figure 4A shows the average percentage correct of the codebooks if we assume that these cells encode world the conditional probability of observing a particular firing rate given the presentation of a flash at a particular position. As there are six stimulated world positions, the chance level of performance is 17%. None of the position. Using Bayes' rule this probability can be converted to the probability that an observed firing rate was codebooks perform significantly above chance. Figure  4B shows the performance of the same cells on the caused by stimulation at a particular position. We call decoding procedures involve no change in eye position, the performance on retinal position encoding as a function of population size. Figure 6 shows that the perforthey are immune to eye position effects. In each case, we randomly selected 75% of trials to create the codemance of the STS population steadily increases from 46% for ten cells to the 80% of the complete data set of book and used the remaining 25% to test the performance (crossvalidation; see Experimental Procedures).
125 cells. The performance of areas VIP and LIP shows a much shallower increase with the number of cells. We compared the average performance of these sameinterval codebooks with codebooks based on preSo far we have only considered stimuli that were temporally separated from saccade onset by at least 300 flashes tested with postflashes. For a fair comparison the latter different-interval codebooks were also based ms. We now address the question whether these populations of neurons encode the position of stimuli preon a random subset of 75% of the trials and tested with 25% of trials. This results in somewhat lower average sented just before saccades. Figure 7A shows the average performance of codebooks based on preflashes on level performance than that shown in Figure 4 .
In the STS as well as LIP, the performance of the samedecoding periflashes in retinal coordinates. The performance is not above chance: this means that even the interval codebooks was approximately 10% better than the performance of the different-interval codebooks STS, which provides accurate position information during fixation, fails to provide accurate position informa-(STS, 65% improved to 75%; LIP, 44% improved to 53%). This difference, however, was not large enough tion perisaccadically. This analysis was based on codebooks defined by preflashes. One could argue that the to exclude the possibility that it is due to chance (p Ͼ 0.05). Hence, the effect of the eye position signals in brain might switch to a different codebook specifically geared to perisaccadic position encoding. To investithese areas is either small enough for all cells to allow pure retinal-position encoding, or the effect is large in some cells but the effect is cancelled out at the population level (Bremmer et al., 1997).
In VIP the performance increased from 47% in the different-interval codebooks to 66% in the same-interval codebooks. This 19% increase is significantly above chance (p Ͻ 0.05). Hence, eye position signals play a more important role in area VIP than in the either LIP or the STS. This fits well with the finding that many cells in area VIP encode in a coordinate system that is intermediate between retinal and world centered . This also implies that the decoding performance in VIP could be improved if we knew just how each cell multiplexes retinal with eye position signals. For the cells at hand, however, we have no data that independently assess this and we are forced to use the next best coordinate system: retinal coordinates.
The analysis of fixation codebooks pools information data set and repeated the above analysis to determine however, is found in a retinal frame of reference. This are present in any experiment that is not in absolute contradicts the usual interpretation of the psychophysidarkness. In our experiment they could include movecal data that mislocalization occurs because veridical ment of the background and the saccade target. We information in a retinal reference frame is translated into use the control trials, in which the monkey made a saca world reference frame with the aid of an erroneous cade but no bars were flashed, to determine the (joint) eye position signal. Instead, our data support the view influence of these changes on the firing of the neurons. that retinal position encoding itself is inaccurate in the We analyzed responses in the same time window used temporal vicinity of a saccade. in the analysis above: from 50 to 250 ms after an event. First, we determined the fraction of cells whose response to the appearance of the target was more than
The Where Pathway For areas VIP and LIP, we could not find a reliable codethree standard deviations above or below the baseline firing rate. Only 6% of STS cells showed such a signifibook for either retinal or world position. This does not imply that these areas are incapable of encoding posicant target response. This confirms that the saccade target itself is not a potent visual stimulus. We then tion, just that our sample of cells cannot do this based on their mean firing rate and in pure retinal or pure world determined the fraction of cells that responded significantly to saccade onset. Note that it is not possible in coordinates. In fact, for VIP we showed that a mixed coordinate system could do better than a purely retinal Retinal Effects coordinate system. This is clearly related to the headAs our data show that mislocalization can already be centered, eye-centered, and intermediate receptive found in retinal coordinates, it is tempting to conclude fields found in VIP (Duhamel et al., 1997) . Without an that mislocalization must be due to retinal, not extraretiindependent assessment of a cell's reference frame, nal, signals. During saccades, the visual environment however, the decoding analysis cannot be done. It resweeps over the retina at high speeds and this strong mains entirely possible, therefore, that in the correct visual disturbance may interfere with processing and frame of reference, these cells do encode position. Intercause mislocalization. In fact, it has been shown that estingly, given the fact that VIP receives a considerable some errors of localization can also be found without part of its input from area MT ( encoding the position of objects on the retina.
To estimate the prior distribution of the firing rates, we determined the distribution of all observed firing rates in 200 ms windows in all Experimental Procedures cells and all trials. Importantly, this includes periods when a stimulus is in the cell's classical RF, periods when there is a stimulus outside Recording the RF, periods when there is no stimulus present at all, as well The monkey sat in a primate chair and made 20Њ saccades to a as periods when the monkey makes a saccade. As such this is a visual target for liquid reward. We recorded extracellularly from the description of the firing rates a cell may have during a typical day. For anterior and posterior bank of the superior temporal sulcus and our data set, this distribution was well described by an exponential distribution with a decay parameter given by the standard deviation from the intraparietal sulcus from four hemispheres in two monkeys.
in the firing rate of the cells. We used this to model the prior distribuEye position was sampled at 500 Hz with a scleral eye coil system tion of the firing rates of each cell as P(r) ‫/1ف‬ ϫ exp(Ϫr/), where (Skalar, Delft) with an accuracy of 1 min arc. Saccade onset was is the standard deviation of the firing rates of that cell. Using such determined offline by finding the sample after which the eye velocity a prior effectively puts less weight on those trials in which few exceeds 5% of the maximum velocity for at least three consecutive spikes were recorded. Given the noisy nature of cells' responses samples. Saccade latencies were restricted to lie in the range 80-300 and electrophysiological recordings, this seems reasonable. ms. Trials in which no saccade could be detected that satisfied this
To determine the parameterization of the conditional probability criterion were discarded (5% of trials). Average saccade latency P(r|x), we used an optimality criterion: we explored a number of was 201 Ϯ 11 ms, average duration 44 Ϯ 6 ms. the modified Poisson function we used to describe this experimental We identify these with area VIP. Finally, we recorded from 106 cells distribution. in the intraparietal sulcus with saccade-related activity. We will refer
The time window to determine the spike rate was determined to these as neurons from area LIP. In the first animal the anatomical by evaluating the encoding of position information for a range of location of the cells has been confirmed histologically and shown windows. We settled on a window from 50 to 250 ms after stimulus to agree well with our physiological definition. All analyses reported onset; this window includes most visual responses that are typical here use these exact same cells, and we had no selection criteria for these areas (Schmolesky et al., 1998), and it led to the most for inclusion beyond the presence of a visual response. On average, accurate encoding of position information for pre-and postsaccadic we recorded 25 repetitions per bar position in each of the pre-, flashes. We used the same window for all analyses. peri-, and postepochs. Hemispheres and saccade direction were To evaluate the fixation codebooks, we determined a codebook based on the preflashes and tested with postflashes. Assuming mirror reversed to normalize all data to "leftward" saccades and that cells provide independent evidence, we multiplied the posterior recordings in a "left" hemisphere.
probabilities of the individual codebooks and determined which position was most likely to have been stimulated according to the Stimulus population of cells. In a bootstrap validation approach, we repeated The luminance of the bars was 10 cd/m 2 , duration 8 ms, and they this decoding 1000 times, each time resampling the population of N were projected on a screen 48 cm in front of the monkey. The centers cells and recalculating the population codebook. We used standard of the 10Њ wide, nonoverlapping bars always occupied the same six bootstrap 95% confidence limits to test statistical significance of world positions: Ϫ25, Ϫ15, Ϫ5, 5, 15, and 25Њ from the midline. bootstrap estimates. These positions were not adjusted to the cells' receptive fields. The
We used crossvalidation to test the performance of a codebook fixation point (at 10Њ) and target (at Ϫ10Њ, each on the horizontal for one particular epoch with flashes from that same epoch. A ranmeridian) were identified by a small red dot (0.5Њ diameter). The dom selection of 75% of the trials was used to setup the codebook, fixation point disappeared when the target appeared. and the remaining 25% of trials was used to test the performance. This was repeated in bootstrap fashion, each time resampling a Decoding new, randomly selected, subset of 75% of the trials. Performance The recordings allowed us to estimate the conditional probability measures were averaged over the bootstrap sets. The inevitably smaller number of test flashes in crossvalidation causes an increase of observing an average firing rate (r) after a flash was presented in the variance of the bootstrap estimates. To compensate for this, at position x: P(r|x). For each cell we used Bayes' rule to construct we increased the number of bootstrap sets to 4000. a lookup table that inverts this relationship and relates the observed firing rate (r) to the posterior probability P that a flash was presented Perisaccadic Decoding at position x:
To decode the perisaccadic rates, we first constructed a codebook for each cell based on all its pre-and postsaccadic trials. We then P(x|r) ϭ P(r|x) ϫ P(x)/P(r). 
